This study aimed to identify the genetic basis of a severe skeletal lethal dysplasia. The main clinical features of two affected fetuses included short limbs with flared metaphyses, bowed radii, femora and tibiae, irregular ossification of hands and feet, and marked platyspondyly. Affected and nonaffected family members were subjected to whole-exome sequencing, followed by immunoblot analysis on amniocytes isolated from one of the affected individuals. Unique compound heterozygous variants in the inositol polyphosphate phosphatase-like 1 (INPPL1) gene encoding the SHIP2 protein were identified in both affected individuals. One variant was inherited from each unaffected parent. Both allelic variants, c.(2327 − 1G > C); (1150_1151delGA), are predicted to result in premature stop codons leading to nonsense-mediated mRNA decay of the mutant alleles and no production of SHIP2. The absence of SHIP2 was confirmed by immunoblot analysis of proband amniocytes. This skeletal disorder is caused by the complete absence of the SHIP2 protein. INPPL1 mutations have been reported in opsismodysplasia, an autosomal recessive skeletal dysplasias with significant delayed bone formation. Our finding highlights the critical role that INPPL1/SHIP2 plays in skeletal development. Clin Dysmorphol 25:152-155
This report describes a nonconsanguineous family in which pregnancies to phenotypically normal parents resulted in two affected fetuses with a severe skeletal dysplasia. This research project was reviewed and approved by the Oregon Health and Science University Institutional Review Board and written informed consent was obtained from the participants or their parents according to The Code of Federal Regulations describing the Protection of Human Subjects (45 CFR 46) . Fetus number 1 presented to care at 16 weeks 3 days gestation because of suspicion of skeletal dysplasia on ultrasound. The pregnancy was conceived by in-vitro fertilization with fresh embryo transfer. The mother was a healthy 38 year old with a history of one miscarriage and unexplained infertility. The nuchal translucency had been increased on first-trimester ultrasound. Ultrasound in the second trimester showed short long bones and small chest circumference. There was frontal bossing with flat mid-facies as well as unilateral clubfoot. Scapulae were present and mineralization of the bones appeared normal. Amniocentesis was performed, with a normal female karyotype (46,XX). On the basis of a suspected diagnosis of thanatophoric dysplasia, cultured amniocytes were sent for FGFR3 gene sequencing, which was normal. The parents declined additional genetic testing, but did consent to storage of DNA isolated from cultured amniocytes. The pregnancy was terminated at 17 weeks' gestation. Radiographs were not performed.
Fetus number 2 presented at 20 weeks 4 days for ultrasound. This pregnancy was also conceived by in-vitro fertilization with frozen embryo transfer. Ultrasound in the second trimester showed short long bones and a small chest circumference. As with fetus number 1, there was frontal bossing with flat mid-facies. The ears also appeared low set. The phalanges and metacarpals were very short, with redundant soft tissue, and there was unilateral clubfoot. The ischia were ossified. Mineralization of the bones appeared normal and, although there was mild bowing of the long bones, there were no obvious fractures by ultrasound. The skull shape was normal with normal ossification. Amniocentesis was performed, with a normal female karyotype (46,XX).
To test for genes commonly associated with severe chondrodysplasia, cultured amniocytes were sent for an extensive panel of genetic testing including sequencing of COL2A1, COL11A1, COL11A2, DTDST, and TRIP11 and deletion/duplication analysis for COL2A1 and COL11A2. Peroxisomal plasmalogen synthesis enzymes were also assayed for chondrodysplasia punctata. All testing was normal and the pregnancy was continued. At 25 weeks 2 days gestation, the fetus developed neck hyperextension, polyhydramnios requiring serial amnioreductions, and mild skin thickening over the skull, with no evidence of hydrops. By 27 weeks 2 days gestation, the skin thickening had progressed to include the dorsal gluteal region and the upper thigh. There was exaggerated lordosis, with minimal truncal movement, and mild ventriculomegaly. The ventriculomegaly continued to progress rapidly and by 31 weeks' gestation, the fetus had developed hydrops and was delivered stillborn.
Radiographs of fetus number 2 showed hydropic changes, and short limbs with flaring and metaphyseal cupping were reported. Both distal femoral metaphyses appeared irregular and the radii, femora, and tibae were bowed ( Fig. 1 ). There was delayed ossification of the small bones of the hands and feet. The iliac bones were decreased in vertical height with horizontal orientation of the acetabular roofs. There was some metaphyseal translucency of the femoral metaphyses, but no undermineralization. There was severe platyspondyly throughout the spine, the sacrum was poorly ossified, and the ischia and pubic bones were unossified. The neurocranium appeared large compared with the facial structures.
Methods and results
Following the failure to find a genetic defect by targeted sequencing of the DNA from affected fetuses, maternal and paternal genomic DNA was collected and DNA from all four individuals were subjected to exome sequencing by Ambry Genetics (Aliso Viejo, California, USA). The inheritance pattern of two affected individuals from phenotypically normal parents suggested an autosomal recessive model. Bioinformatic analysis of the data indicated that the two variants were present in the inositol polyphosphate phosphatase-like 1 (INPPL1) gene in the affected individuals in the pattern expected for a recessive inheritance model. These variants are absent from the Single Nucleotide Polymorphism database and the 1000 genomes project databases, and are predicted to be pathogenic.
Each parent transmitted a different INPPL1 variant to both affected fetuses, indicating a compound heterozygous mode of inheritance. The paternally derived variant is a 2 bp (GA dinucleotide) deletion in exon 10 (c.1150_1151delGA) leading to a change in the reading frame and a predicted premature stop codon 81 amino acids downstream. The maternal variant is a splice site mutation immediately upstream of exon 21 in the − 1 position (c.2327-1G > C). This variant predicts the skipping of exon 21 and the splicing of exon 20 to exon 22. The frameshift caused by splicing exons 20/22 is predicted to result in a premature stop codon in exon 22. All genotypes were confirmed by Sanger sequencing. As both variants inherited by the affected fetuses are likely to have resulted in premature stop codons leading to nonsense-mediated mRNA decay, we examined fetal amniocytes from fetus number 2 for SHIP2 protein (Fig. 2) . Protein extracts were prepared from proband and control amniocytes, and HeLa cells, electrophoresed, transferred to a solid membrane, and probed with an anti-SHIP2 polyclonal antibody (cat# 166916; Abcam Cambridge, Massachusetts, USA). Control amniocytes and HeLa cell extracts contained detectable levels of SHIP2 at the correct molecular weight of 140 kDa. In contrast, no protein was detected in the proband cell extract, suggesting that the mutant mRNA alleles for INPPL1 were indeed degraded and no SHIP2 protein was produced. The blot was reprobed with an anti-αtubulin antibody (cat# sc-23948; Santa Cruz Biotechnology, Santa Cruz, California, USA) to demonstrate approximately equal loading of cell extracts.
Discussion
We report the identification of compound heterozygous mutations in the INPPL1 gene, encoding the SHIP2 protein, in a family with two individuals with a lethal skeletal dysplasia. INPPL1 mutations have been identified in opsismodysplasia (OPS) (OMIM 258480) (Below et al., 2013; Huber et al., 2013; Iida et al., 2013; Li et al., 2014) and, early in 2015, in Schneckenbecken dysplasia (SD) (OMIM 269250) (Lee et al., 2015) . These conditions were not initially considered as a diagnosis and other genes known to be involved in more common severe chondrodyspasias, including FGFR3, COL2A1, COL11A1, COL11A2, DTST, and TRIP11, were sequenced. Following the failure to identify mutations in these genes, a whole-exome approach was used, leading to the identification of compound heterozygous mutations in INPPL1.
OPS is a rare, autosomal recessive chondrodysplasia first described in 1977 and is primarily characterized by delayed bone maturation (Zonana et al., 1977; Maroteaux et al., 1984; Cormier-Daire et al., 2003) . Affected patients have rhizomelic micromelia, small hands and feet, relative macrocephaly, and characteristic craniofacial abnormalities including a prominent brow ridge. Radiographic findings reported include shortened long bones with markedly delayed epiphyseal ossification and severe platyspondyly. Histological analysis of fetal growth plate cartilage shows disorganized proliferative zones with near-absent columnar organization (Cormier-Daire et al., 2003) , suggesting that the poor mineralization and other bony defects are because of abnormal cartilage growth plate organization and chondrocyte differentiation. Disease severity is highly variable, from neonatal death because of respiratory failure to survival through to adulthood.
Recently, a homozygous INPPL1 mutation was described in SD, a severe, autosomal recessive, perinatal lethal dysplasia similar to OPS (Lee et al., 2015) . SD shows locus heterogeneity and had previously been shown to be caused by mutations in SLC35D1, encoding an ERresident sugar transporter (Hiraoka et al., 2007; Furuichi et al., 2009) . SD is distinguished from other severe skeletal dysplasias by the presence on radiographs of a medial projection from the ilia that resembles a snail. As the family presented here, on the basis of the available radiographs, did not seem to have this feature, we suggest that a diagnosis of OPS is appropriate.
To date, 19 OPS and one SD families with INPPL1 mutations have been reported (Below et al., 2013; Huber et al., 2013; Iida et al., 2013; Li et al., 2014; Lee et al., 2015) . SHIP2 is one of 10 mammalian inositol polyphosphate 5-phosphatases and functions to dephosphorylate the lipid second messenger phosphoinositol (3,4,5)P3 at the 5-position of the inositol ring to phosphoinositol (3,4) P2 (Pesesse et al., 1997; Habib et al., 1998) . Consistent with a role for INPPL1 in skeletal development, the Inppl1 − / − mice have diminished growth and craniofacial abnormalities; however, these were mild in severity. There may be noncatalytic roles of SHIP2 as, in addition to the phosphatase domain, the protein contains several motifs known to be involved in protein-protein interactions [see reviews by Backers et al. (2003) and Erneux et al. (2011)] . It is unknown at present whether the effects on cartilage and bone development are because of catalytic or noncatalytic mechanisms involving growth factor second messenger signaling.
Future studies will be directed toward understanding why INPPL1/SHIP2 is essential for normal skeletal differentiation and development. 
